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Abstract

A silicon chip device with two types of integrated platinum thin film resistors was applied for microcaloric measurements. It was shown
that the device is capable of fast characterization of liquid evaporation behaviour and allows the determination of evaporation enthalpies
for pure liquids and mixtures. The applicability was demonstrated for a wide range of solvents from nonpolar aliphatic solvents over polar
organics to protic solvents (e.g0-octane, toluene, acetone, ethanol, methanol and water). The sample volumes were in the range of about
2-5p.L. The determination of transient times, in case of constant power mode, or the power integral over time was used for the fast estimation
of binary liquid mixtures. Thermo-resistive measurements jof Siroplets of solvent mixtures like methanol/iso-propanol, ethanol/water,
iso-octane/iso-propanol angsb-octane/1,4-dioxane showed significant changes in temperature characteristics and evaporation enthalpies in
dependence on composition. The applied heating power was about 1 W, which corresponds to measurement times between a few seconds an
a minute.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Microchannel reactors are predominantly applied for

continuous flow processg¢&6—20] but also for serial flow
Chip reactors and other miniaturized chemical devices processes like segmented flow operati¢®s-27]. Liquid

are under development for analytical and synthetical appli- handling processes can be realized in such channels without

cations. They are applied in so-callpdTAS systems and  open liquid surfaces. Thus, the evaporation of liquids is

are essential for the lab-on-chip concgpt4]. Chip-based  significantly suppressed or completely avoided by the

reactors play an increasing role in the development of reactor walls. But, in case of highly parallelized operations

new chemical procedures and are of particular interest for like combinatorial chemistry and high-throughput screening

the determination of molecular information. That is why, applications, parallel carriers are much more favourable than

chip technology has been introduced in molecular biology microchannel reactors. These microtiterplates (MTP) and

namely DNA technique$5-13]. Combinatorial chemistry  nanotiterplates (NTP) are used in large extend. This type of

and high-throughput screenifit,15] applications are also  carrier allows a parallel handling of about?t® 10* samples

of great interest in that context. in parallel, whereby the individual samples can be identified
and operated using a simple spatial-addressing28,29].

* This paper was not presented at the 8th Lahnwitzseminar on Calorimetry. Usually, single vials are filled by liquid dispensing. Addi-

* Corresponding author. Tel.: +49 3677 69 3629; fax: +49 3677 69 3179. tionally, aliquots of samples are removed by micropipetting
E-mail addressmichael.koehler@tu-ilmenau.de (J.MoKler). in some cases. A major problem of this operation mode is the
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Fig. 1. Chip carrier with integrated thin film transducers for microevaporation experiments.

lost of solvent by evaporation caused by the open liquid sur- device and fast method for the temperature-dependent mea-
face. The loss of solvent due to evaporation is not negligible surement of evaporation and the estimation of evaporation
because of the high surface to volume ratios. This problem enthalpies of pure substances and binary mixtures is reported.
becomes still more important, if the sample volume is

reduced from microlitres (MTP formats) to nanolitres (NTP

formats). It was shown that the complete evaporation from 2. Experimental

nanotiterplates with chamber volumes of about 150 nL takes

place in a few minutef30,31]. Therefore, the knowledge of All experiments were carried out using a silicon device as
evaporation behaviour and the availability of methods for the microcalorimetric carrier. This device is microlithographi-
miniaturized determination of evaporation rates is essential cally prepared from a 4 inch silicon wafer. The configuration
for parallelized chemical processes in MTPs and NTPs. In of the device corresponds to chip reactors developed ear-
most cases evaporation enthalpies are well known for purelier for the application of miniaturized DNA amplification
solventg32]. In addition, miniaturized methods and devices by PCRJ[9].

are needed for a fast determination of evaporation rates and A well with a depth of 0.4 mm is placed at the centre of
evaporation enthalpies for mixtures. Therefore, a simple the chip (Fig. 1). Into this well, the liquids are applied for
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Fig. 2. Experimental set-up for microevaporation experiments.
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investigation. It is possible to apply substance volumes up to tronic temperature control by a feedback loop control. The
10uL. Two thin film resistors with low electrical resistance thermal time constants of the central region with the sample
for heating and two separate thin film transducers for ther- well are less then 1s and allows fast measurement proce-
moresistive temperature measurement are integrated at thelures. Monocrystalline silicon (double side-polished wafer)
back side of these well. The metal films are electrically in- was applied for the body of the device. Thin films of dielectric
sulated by a thin dielectric layer @) of 1 um thickness. material (SiQ and SgN4) were used for the lithographical
These support thickness allows a fast heat transfer betweerprocess and as insulating layer. These films were deposited
the metal films and the silicon despite the low heat conductiv- by chemical vapour deposition. The metal thin films were de-
ity of silicon nitride. The bottom of the sample well is formed posited by sputtering and micropatterned by sputter etching.
by a silicon membrane of about 10fn thickness. Thismem-  The silicon was anisotropically etched by alkaline etching
brane also supports a fast heat transfer due to the high heabathes using N4 masks. All micropatterns were generated
conductivity of silicon. The sample wellis surrounded by four photolithographically using novolak-based photoresists.
trenches in the silicon chip. These trenches are necessary for The experimental set-up is shown Kig. 2. A self-

the thermal separation of the central area of chip device andconstructed electronic controller was used for the read-out
its frame. In this way, the temperature gradients are focusedof temperatures and the control of heating power. The device
in the region of these trenches and the remaining small sili- allows measurements at constant temperature and at constant
con beams, respectively. The thermal conduction inside thepower. In both cases, the actual temperature and the heating
sample area is high. The heat transfer from the sample aregpower were registered with a rate of 2Hz using a PC with
to the surrounding area is lower, but fast enough for elec- AD interface. All used chemicals were graded for analysis.
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Fig. 3. Temperature signal during pipetting and evaporation of a water dropletx{a)B) 15uL measured at constant heating power of 1.4 W.
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The solvent drops were placed in the sample well using mi- ) Ethanol (10 pl)
crodispensers or directly by pipetting. —
1800

3. Results and discussion = ]

E 1600 \‘
3.1. Evaporation of water and ethanol droplets at 5
constant heating power 3 ]

2 1400

The chip device allows an easy observation of the process

of evaporation. For this purpose the device is heated with a 1200-]
certain electrical power. Droplets of appropriate liquids are -

placed in the sample well after a constant temperature was PRI AR PR I L SR P
reached. A decrease of temperature is always detectable by .
the answer in the temperature-related thin film resistance due
to the heat capacitance of the samples and the heat loss dugig. 4. Power consumption signal during the pipetting and evaporation of
to the liquid evaporation. If a gL water drop was applied at ~ ethanol droplets (1AL) measured at constant temperature mode (input heat-
a heating power of 1.4 W and a corresponding start temper-"9 Power between 1 and 2.0W).
ature of about 73C a fast temperature drop of about 10K
was observed (Fig. 3a). The first temperature transient takesduring the evaporation process. The heating energy must be
about 1.5 s and was assigned for heating-up the droplet. Theconducted from the silicon—liquid interface to the liquid sur-
following temperature transient has a duration of about 80 s, face. This distance is reduced by the volume loss during the
butthe temperature drop is small (about 5 K). This transientis evaporation and becomes smallest in the last phase of the
caused by the evaporation. At the end of the transient phasegvaporation process. Hence, it is to assume that in this last
the liquid is completely evaporated. phase the highest temperature gradient and the most efficient
A similar first transient was observed for the evaporation heat transfer from the transducer to the liquid surface take
of 15p.L ethanol, when a temperature range close to the boil- place resulting in a moderate additional decrease of device
ing point was chosen (Fig. 3b). The temperature drop abouttemperature. The reproducibility of measurements of ethanol
12K in this case and the transition time was about 1s. In evaporation is reflected kig. 4.
contrast to water, the second transient time was only 12s de- Both, the temperature drop and the length of transition
spite the larger volume. This behaviour is due to the much phase is reduced when the droplet volume decre&sgss
lower evaporation enthalpy and lower boiling temperature shows the application of a series of droplets with decreas-
of ethanol, respectively, the ethanol/water azeotrope in com-ing volume (20-3.L) on the chip device at constant power.
parison with pure water. The temperature transient shows aln all cases a characteristic start peak and a typical broad
slight minimum at the end of the transition phase (Fig. 3b), minimum in the longer transition region was observed. The
which is explained by a temperature gradient in the liquid transition time is reduced monotonous with decreasing vol-

Water (20, 15, 8, 6.5 and 3 pl)

T/°C

60 T

T
500

Fig. 5. Temperature signals during the pipetting and evaporation of water droplets. Measured at constant power mode of 1.4 W and different droplet size.
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Fig. 6. Dependence of evaporation time measured at constant power mode-i9- 8. Dependence of the evaporation time of water droplets measured at
of 1.4 W and different droplet volumes. constant power mode of 1.4 W and different droplet volumes.

ume. This fact suggests that the transition time rather than thegated. The temperature drop during this transition was only
temperature drop indicates the consumed evaporation heat2out 1 K, butthe third transition phase had a length of about
Therefore, the transition time can be used for the estimation80S (Fig. 9). The total of the integral of the second and third
of the original size of the droplets (Fig. 6). The shrinkage of {ransition phase (about 120 +80Ks) is approximately equal
ethanol droplets leads to the analogous signals (Fig. 7). Thet© the integral of the second transition signal qfl5pure
transition time is continuously reduced from 22,55 in case Water (about 5K« 40s=200Ks). _
of 20uL ethanol down to 1.5s for gL droplets. There is a This was interpreted as a reduction of needed evaporation

linear dependence between evaporation time and the droplePOWer due to the lower vapour pressure during the second
volume (Fig. 8). Obviously, not the liquid surface but the transition period and a slow evaporation of salt-bonded water

volume is crucial for the duration of the evaporation process. POSS€ssing a strongly reduced vapour pressure in the third
That means that the evaporation enthalpy determines the dufransition phase.
ration of the process.

The application of fuL of a high concentrated KCIl so-  3.2. Estimation of evaporation enthalpies for different
lution (3 mol/L) results in small negative temperature drop solvents through isothermal measurements
and in a longer temperature transient, as observed in case
of pure water. The temperature difference during the transi- The evaporation behaviour of different organic solvents
tion time was about 3 K. This value was significantly smaller was studied through isothermal measurements. The chip
then the temperature drop in case @fl5pure water (5 K) at device was controlled at 6@ for these measurements.
the same heating power. After a typical evaporation time of Different solvents were chosen for these experiments
about 40 s for this volume a third temperature transition was and varied from alkanes (nonpolar solvents) and acetone
found, when salt-containing aqueous solutions were investi- (polar aprotic solvent) to protic solvents (alcohols). The
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Fig. 7. Temperature signals during the evaporation of ethanol droplets measured at constant power mode of 1.4 W and different droplet volumes.
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Fig. 9. Transient temperature signal during pipetting and evaporation piLadsoplet of concentrated KCI solution (3 mol/L) during constant heating with

1.4W.
Table 1

Examples of solvents: boiling temperatures and evaporation enth{8gies

Substance Formula Boiling poirft@) AHp (molar) AHgp (specific) AHf,g (volume-related) AHy0® (volume-related)
(kd/mol) (J/9) (J3/ml) (J3/ml)

iso-Octane @H1g 113.1 32.7 286 201 161

Toluene GHg 110.6 33.5 364 317 256

Acetone GHO 561 29.1 501 396 228

Dioxane GHgO» 101.6 35.8 406 420 -

iso-Propanol GHgO 825 40.5 674 529 450

Ethanol GHgO 784 38.7 840 667 547

Methanol CHO 64.6 35.4 1105 879 467

Water HO 100 40.66 2259 2259 1886

a Average of three measurements, determined with the chip calorimeter.

solvents are distinguished by different molecular size and  There were different characteristics for the power con-
molecular interactions resulting in considerably different sumption after application of solvent droplets onto the mi-
boiling temperatures and specific evaporation enthalpiescrodevice. The power consumption and the resulting energy

(Table 1).

Fig. 10. Power consumption of two solvents with comparatively high vapour pressure at temperature-controlled evaporation conditions (quasi-isothermal) a
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Fig. 11. Power consumption of methanol and water droplets under temperature-controlled evaporation conditions (quasi-isother@al) at 60
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Fig. 12. Transient temperature signal during pipetting and evaporatioplofifoplets of different solvents measured at constant power mode of 1.4 W.

plete evaporation multiplied by the power enhancement — arestant power mode, an increase in the temperature drop was
determined by the vapour pressure on the one hand and thebserved with decreasing boiling point (Fig. 12).

evaporation enthalpy on the other hand. Accordinglg; The power consumption was used for the estimation of
octane as well as toluene showed a slight power increasethe enthalpies of the different solventg. 13 shows that
only. Foriso-octane a significant shorter evaporation time

was observed as for toluene (Fig. 10). Clearly this is due to 1000+

the considerably lower volume-related evaporation enthalpy -

of iso-octane in comparison with toluene. .35 800 e
Even more significant behaviour was found during the gE

comparison between methanol and water (Fig. 11). The boil- 5";5; 600 Fpropanl _ '

ing temperature of methanol is much lower than the boil-  § £ o

ing temperature of water. Methanol possesses a much higher § & T ogane wliere

vapour pressure than water. The volume-related evaporation 53 200 ® @)

enthalpy of methanol is considerably lower than the water '”-’g @ prpeone

one. This leads to a steep increase of power needed for keep- ~ ¢ . : : ;

ing the temperature constant after the application of methanol 0 200 400 600 800 100

(Fig. 11, first two peaks). But the power transient was short Fuappration gthalpy/imd/ plinet I Ane & Lax)

because of the hlgh evaporation rate of methanol. The eVapo'Fig. 13. Consumed heating energy during the evaporation of different sol-

ration of water was much more time consuming (Fig. 11, 1ast yents (5.L) in dependence on their volume related evaporation enthalpies
two peaks). When the evaporation was studied under con-(data taken froni32]).
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Water / Ethanol Mixture
(5 ul, 0%, 10%, 20%, 100% ethanol)
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T T
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Fig. 14. Evaporation of binary mixtures: transient temperature signals during the pipetting and evaporatibrimdilets of a binary solvent mixture (water
and ethanol) under constant power conditions (1.4 W).

variation in the additional heating energies during the tran-

sition phases corresponds to the volume-related evaporation g0, | W Ethnnat 1
enthalpies known from literature. The additional power con-
sumption during evaporation was found to fall below the _—s
value expected from the known evaporation enthalpies. This >
effectis probably due to the reduction of parasitic energy loss g ¢, |
from the electrically heated microdevice in the presence of
droplets. The isothermal measurement with the microdevice 2 , |
results better data for the estimation of evaporation enthalpies &
than measurements at constant heating power. ]
3.3. Microevaporation experiments with binary solvent 0 | b
mixtures . ‘ . . ‘ . .
0 100 200 300 400 500 600
The temperature drop, transition times as well as the (a) t/s
integral of additional power need not only be used for
Mixture Water / Ethanol 1:1 (70 °C)
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Fig. 16. Reproducibility of the evaporation experiments with binary mix-
Fig. 15. Evaporation time of gL droplets of aqueous ethanol mixtures tures: (a) evaporation series of ajll0 ethanol and water (1:1) droplets and
measured in constant temperature mode® (756 (b) consumed energy in dependence on droplet volume.
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Fig. 17. Evaporation of binary mixtures: transient temperature signalgwbfdsoplets composed of two solvents (iso-propanol and methanol). Measured in
constant power mode (1.4 W).
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miniaturized characterization of pure solvents but also for of the volume-related evaporation enthalpies of the different
the characterization of mixtures. Particularly the quantitative solvents. The determination of mixture composition is
composition of binary mixtures can be characterized by possible by means of temperature measurements at constant
microevaporation experiments. Measurements with constantpower as well as by means of measurements of power at
power (1.4 W) were carried out for this purpose. constant temperatures.

In water and ethanol mixtures decreases the transition The temperature drop characteristic during the evapora-
time with decreasing water content (Fig. 14). This decreasetion of droplets in constant power mode gives information
is caused by the much lower evaporation enthalpy of aboutthe evaporation characteristics. The maximal tempera-
ethanol compared to water. In contrast to transition time, ture drop depends on the vapour pressure of the applied liquid
the temperature deviation during the transition is only (seeFig. 20a). The vapour pressypgis connected with the
marginally influenced by the composition. The transition evaporation enthalpgH and the boiling temperatufig (Eq.
time is changed with concentration faster at low ethanol (1)) as outlined irFFig. 20b.
content and slower at higher ethanol concentrations (Fig. 15).

This behaviour corresponds well to the phase transition |n p, = In »p — AH (1 _ 1) (1)
Pv pPo

behaviour of binary systems, in general. The reproducibility R \T T

of evaporation experiments with binary mixtures of ethanol  js the vapour pressure & (1 atm).

and water is shown ifrig. 16a and b. . It was expected that the temperature drop maximum in-

_Beside aqueous mixtures, binary mixtures of solvents crease with increasing vapour pressure like@y. This ten-
with lower evaporation enthalpies can also be characterlzeddenCy is well reflected by the behaviour of different solvents
at the SuL level using the chip device. A significant shift  jike shown inFig. 12.

in peak amplitude and transition behaviour was observed in

mixtures ofiso-propanol and methanol. Methanol possesses AT ~ AHpy (2)
a high vapour pressure and a comparatively high volume-
related evaporation enthalpgp-propanol evaporates slower, .
but is characterized by a lower volume-related evaporation power mode corres.ponds to the consumed -heatmg_ power
enthalpy. As aresultthe temperature drop increase, if the con-durlng the evaporation process. In case of plnary mixtures
tent of methanol in binary mixtures was enhanced (Fig. 17). (x» =volume fractionn=1 compound with the higher boiling
Simultaneously, the duration of the transition is decreased

due to the decreasing part of the slower evaporating solvent.

The integrated temperature signia(K s/pL) at constant

Reproducible results were obtained if the integral of ~Vapour Pressure/ Temperature Drop (const. power mode)
temperature drop over the transition time was used for the - @ methanol
comparison of droplets of different composition. In the 5 ethanol @

systemiso-octane/1,4-dioxane the integral was growing con- 4
tinuously with increasing content of 1,4-dioxane. The low X "Pfopany
volume-related evaporation enthalpy ieb-octane and the B3

more than twice higher volume-related evaporation enthalpy @ 1,4-dioxan
of 1,4-dioxane are responsible for that finding (Fig. 18a and

b). The dependence of the temperature-drop-time integral 1
for octane/iso-propanol mixtures is also significant (Fig. 19).

0 T T T

The observed differences correspond well to the differences o 0,5 1 15 2
(a) Vapour Pressure / atm
Mixture Octane / i-Propanol (1,4 W, 10 pl) 18 methanol
6 1,6 3
6 o 1,4
O a 12
= I ethanol
= Q 1
3.4 © q 0 £ . N
= O 5 7 Fpropanol *
E O g os
g o) S o4 'Y
€2 02 1,4-dioxan
0 r r r r r
0 0 20 40 60 80 100 120
0 20 40 50 80 100 (b) Boiling Temperature / °C

% Octane
Fig. 20. (a) Experimentally observed temperature drop of different solvents
Fig. 19. Temperature transients ofub droplets composed abo-octane in dependence of the calculated vapour prespuréb) Vapour pressure of
andiso-propanol at constant heating power of 1.4 W. different solvents as a function of their boiling temperatures.
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- Water / Ethanol Mixture 4. Summary
v=1 /‘l It was shown that the chip evaporator with integrated thin
0,2 film transducers is suited for a fast characterization of the
— 04 / evaporation behaviour of small liquid volumes. It is possible
i /:/ * to estimate evaporation enthalpies of solvents and binary mix-
s 06 / turesifasimple calibration procedureis applied. The required
;f' 0.8 / solvent volumes are in the range between 2 andl10At a
£ 4 heating power of 1.4 W reproducible results were obtained in
5 / the constant power measurement mode. The thermo-resistive
’ P 2 readout of temperature deviations allows the characterization
'1‘4.0,3 0,6 0,6 02 0 of mixture compositions and the monitoring of the evapora-
() In (Xyater) tion of small liquid vo_lumes. Altgrnatlvely isothermal mea-
surements were carried-out using temperature control by a
- FOctane / i-Propanol Mixture fast feed back between the temperature depended resistance
0 : o of measurement elements and the voltage applied to the thin
0,1 y=1 film heaters. Process enthalpies were determined directly by
=02 ~ * integration of heating power differences over time.
’_‘:‘a 0,4 — >
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